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ABSTRACT: Bleaching events and disease epizootics have increased during the past decades, sug-
gesting a positive link between these 2 causes in producing coral mortality. However, studies to test
this hypothesis, integrating a broad range of hierarchical spatial scales from habitats to distant local-
ities, have not been conducted in the Caribbean. In this study, we examined links between bleaching
intensity and disease prevalence collected from 6 countries, 2 reef sites for each country, and 3 habi-
tats within each reef site (N = 6 x 2 x 3 = 36 site—habitat combinations) during the peak of bleaching
in 2005 and a year after, in 2006. Patterns of disease prevalence and bleaching were significantly cor-
related (Rho = 0.58, p = 0.04). Higher variability in disease prevalence after bleaching occurred
among habitats at each particular reef site, with a significant increase in prevalence recorded in 4 of
the 10 site—habitats where bleaching was intense and a non-significant increase in disease preva-
lence in 18 out of the 26 site—habitats where bleaching was low to moderate. A significant linear cor-
relation was found (r = 0.89, p = 0.008) between bleaching and the prevalence of 2 virulent diseases
(vellow band disease and white plague) affecting the Montastraea species complex. Results of this
study suggest that if bleaching events become more intense and frequent, disease-related mortality

of Caribbean coral reef builders could increase, with uncertain effects on coral reef resilience.
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INTRODUCTION

Coral diseases and bleaching are thought to be pri-
mary causes of recent coral reef deterioration
(Hoegh-Guldberg 1999, Hughes et al. 2003, Aronson
et al. 2005). Coral diseases can reduce fecundity of
coral hosts (Petes et al. 2003, Weil et al. 2009, this
Special), produce local and regional population
decline (Gladfelter 1982, Jolles et al. 2002, Kim et al.
2004, Richardson & Voss 2005), and trigger important
shifts in coral communities (Aronson & Precht 2001,
Nugues 2002, Borger & Steiner 2005). However,
studies to elucidate why and to predict when epi-
zootic events will occur are not yet available (Harvell
et al. 2007), partly because coral disease dynamics
remain poorly understood. Understanding coral dis-
ease dynamics and population responses at different
spatial and temporal scales is an important step nec-
essary to control, or at least to mitigate, the impact of
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diseases on coral reefs. For instance, detecting envi-
ronmental drivers of disease and characterizing
stressing factors that make the hosts more suscepti-
ble might help in developing management strategies
aimed at ameliorating the occurrence of epizootics.
Pursuing this goal, however, requires improving our
knowledge on coral-pathogen interactions and how
these interactions vary in the context of environ-
mental change at different spatial scales (Harvell et
al. 2004).

The disease triangle model (Stevens 1960) is fre-
quently used to describe how changes in the environ-
ment affect host—pathogen interactions. According to
this model, pathology occurs depending on the bal-
ance among 3 forces: (1) virulence, i.e. disease-
induced mortality rate (Altizer et al. 2001) and/or the
ability of a pathogen to infect and spread within a host
(Ward et al. 2007), (2) host resistance, i.e. the ability of
an organism to maintain its immunity or to counteract
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a disease agent (Stedman 2000), and (3) an environ-
ment favorable for disease development. The abiotic
environment can affect either the host or the pathogen,
shifting the interaction in favor of one or the other
(Blanford et al. 2003, Thomas & Blanford 2003, Ward et
al. 2007). Among many environmental parameters,
temperature has been shown to affect host—pathogen
interactions in invertebrates (Blanford et al. 2003). For
corals, temperature is particularly relevant because it
affects their physiology (reviewed by Brown 1997). For
instance, temperature stress is known to disrupt ani-
mal-zooxanthellae stability (Glynn & D'Croz 1990,
Lesser 2004), which leads to coral bleaching (i.e. the
expulsion of zooxanthellae and/or loss of their func-
tion). This stress condition produces metabolic and
physiological disorders in the coral host (Brown 1997).
Furthermore, recent molecular evidence demonstrates
that significant shifts from diverse bacterial communi-
ties present in healthy corals to Vibrio-dominated
assemblages occur prior and during bleaching (Bourne
et al. 2008). Bleached corals therefore might become
metabolically compromised and more susceptible to
pathogen infections.

Natural seasonality of water temperature is linked
with the dynamics of diseases in coral reef ecosystems
(Bruckner & Bruckner 1997, Harvell et al. 2002, 2009,
Kuta & Richardson 2002, Richardson & Kuta 2003,
Altizer et al. 2006, Rodriguez & Créquer 2008). For
corals, thermal anomalies have been proposed to facil-
itate the emergence of diseases and/or to increase the
frequency and intensity of epizootic events (Harvell et
al. 2002). This idea is supported by various experimen-
tal and correlative studies conducted with Gorgonia
ventalina-Aspergillus sydowii and Oculina patago-
nica—Vibrio shiloi model systems in which the
pathogen grows in detriment to the host (Israely et al.
2001, Banin et al. 2003, Ben-Haim et al. 2003, Ward et
al. 2007). The evidence showing a direct and positive
correlation between coral bleaching and coral disease
epizootics (i.e. coral-disease-bleaching hypothesis) is
scarce, but is increasing (Brandt & McManus 2009). In
the Caribbean, for example, local observations seem to
correlate bleaching with coral epizootic events (e.g.
Harvell et al. 2001, Miller et al. 2006, 2009, Muller et al.
2008), but studies considering a broad range of hierar-
chical spatial scales including different habitats within
reef sites and countries across the Caribbean region
have not been conducted. Likewise, in the Pacific
Ocean, only 1 study found a correlation between coral
disease epizootics and coral bleaching events on the
inshore Great Barrier Reef (Jones et al. 2004). Bruno et
al. (2007) showed a correlation between sea surface
temperature anomalies combined with coral cover and
the increase in the prevalence of white syndromes in
the Great Barrier Reef.

Since coral bleaching events are expected to
increase in the near future (Hoegh-Guldberg 1999,
Hoegh-Guldberg et al. 2007), understanding the role
of bleaching as a potential driver of coral diseases must
be a research priority. It is important to investigate
whether disease epizootics are correlated with epi-
sodes of coral bleaching and to examine the generality
of this correlation in the field at different spatial scales.
The summer of 2005 was the warmest of the last 2
decades, which resulted in prolonged and intense
thermal stress across the Caribbean region (Fig. 1).
Because thermal anomalies were differently distrib-
uted across the Caribbean, bleaching intensity (i.e. the
percent of bleached corals) also varied, resulting in a
geographical gradient of bleaching. This large-scale
bleaching event presented a unique opportunity to test
whether (1) coral disease epizootics and coral bleach-
ing are correlated, (2) species affected by bleaching
were more susceptible to infections, and (3) disease
prevalence increased across a wide range of spatial
scales (i.e. countries, reef sites, and habitats).

MATERIALS AND METHODS

Sampling design. For the purposes of this study,
bleaching was classified as intense (30 to 60% of
bleached corals), moderate (10 to 29 %), or low (<10 %).
If bleaching and disease prevalence were positively
linked, we expected a significant increase in disease
prevalence in sites where bleaching was intense and
no significant increase where bleaching was moderate
to low. Surveys to examine correlations between
bleaching and disease were performed in Grenada,
Curacao, Panamd, Puerto Rico, Cayman Islands, and
Bermuda, the northern-most coral reef distribution in
the Caribbean-Atlantic (Fig. 2). In each country, 2
reefs at least 5 km apart were surveyed using 5 perma-
nent belt transects (10 x 2 m = 20 m?) each at 3 differ-
ent depth intervals (shallow: <4 m; intermediate:
5-12 m; and deep: >15 m). All colonies within a tran-
sect were counted and checked for signs of disease and
bleaching. The average prevalence of each disease
affecting the major corals was estimated as the number
of diseased colonies over the total number of colonies
in each species/genus. Surveys were conducted during
the peak of bleaching (August—September to early
December 2005) and repeated at the same localities
during the same months in 2006. Because of the wide
geographical scope of this study, it was impossible to
repeat the sampling at each site during different
months, and therefore our design cannot detect the
natural within-seasonal temporal variability (i.e. spa-
tial and temporal patterns are confounded for the
sampling period). Despite this limitation, temperature
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Fig. 1. Cumulative degree heating weeks (i.e. number of weeks with temperatures 1°C above the expected values for a particular
month) across sites for the study period. Black and white circles represent the dates of surveys in 2005 and 2006, respectively
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Fig. 2. Location of 6 Caribbean countries surveyed during

2005 and 2006. (A) Bermuda, (B) Puerto Rico, (C) Grand

Cayman, (D) Panama, (E) Curacao and (F) Grenada. Map
created at www.aquarius.geomar.de/

anomalies were present at all sites during the first sur-
veys of 2005, and these temperature anomalies had
disappeared and/or decreased by the time surveys
were repeated in 2006 (Fig. 1).

Six major reef-building and disease-susceptible scle-
ractinian genera that are abundant and geographically
widely distributed were selected for this study (Mon-
tastraea, Diploria, Agaricia, Siderastrea, Stephanocoe-
nia, and Porites). For most genera, colonies of all spe-

cies in the same genus were pooled to avoid the inclu-
sion of rare species present at fewer sites and to
exclude from the analysis species that were rarely
affected by disease but were frequently affected by
bleaching. The genus Montastraea only included M.
faveolata, M. annularis, and M. franksi because M.
cavernosa is seldom affected by diseases or bleaching.
The genus Porites included P. astreoides, P. porites,
and P. furcata, the most common species at our survey
sites, whereas Agaricia was represented by all species
we surveyed in this genus. For the purposes of this
study, only colonies that were severely bleached
(>50% of their surface area) were included to reduce
the possibility of masking a potential correlation
between disease prevalence and bleaching with
colonies that might not have been compromised
physiologically.

Data analysis. An unbalanced design comprising 4
factors was used for hypothesis testing: depth (fixed
and crossed), site (random and nested within country),
country (fixed and crossed), and time (fixed and
crossed). Five 20 m? belt transects (replicates) were
surveyed in each of the 3 depth intervals at every site,
with the exception of Culebrita, where only 4 transects
were surveyed at each depth interval because of the
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Table 1. Classification of sites and depth habitats (shallow: <4 m; intermediate:
5-12 m; deep: >15 m) according to bleaching intensity in 2005 and disease
prevalence in 2006. NI: no increase; IN: statistically significant increase;
MI: moderate (non-significant) increase; DE: significant decrease; WPD: white
plague disease; CCI: Caribbean ciliate infections; Multi: multiple diseases;

length of the reef. Total bleaching and
disease prevalence were analyzed
separately using a univariate permuta-
tion analysis of variance (PER-

MANOVA) based on Euclidean dis-
tance (Anderson 2001). The same

YBD: yellow band disease

approach was used for the multivariate Site Bleaching Prevalence Disease Confirms
matrices of bleaching and disease but Habitat intensity (%) (2006) prediction
using the Bray-Curtis index as similar-
ity measurement (Anderson 2001) Bermuda
o ) ) Chub Cut
Pairwise post hoc comparisons based Shallow <10 NI Yes
on permutations were performed Intermediate <10 NI Yes
among statistically significant fixed Deep <10 NI Yes
factors. This approach was used Rita's
b dat t 1 d Shallow <10 NI Yes
ec.ause ata were no. norma. én Intermediate <10 NI Yes
variances were relatively similar Deep <10 NI Yes
(Underwood 1999). A multivariate cor- Curacao
relation (RELATE) between the Sea Aqua
bleaching and disease matrices was Isﬁallo""d . <18 gi ;(es
. . ntermedilate < es
perfor.rned using PRIMER to l%nk mul- Deep <10 NI Yes
tispecies patterns of bleaching and Habitat
diseases (Clarke & Warwick 2001). A Shallow <10 IN WPD, CCI, Multi No
Spearman correlation analysis was Intermediate <10 IN WPD, CCI, Multi No
then performed only for those sites, Deep <10 NI Yes
habitats, diseases, and species where Cayman )
bleaching and diseases were linked South Point
i ! o Shallow 10-30 MI YBD Yes
This analysis was performed to avoid Intermediate <10 NI Yes
masking a potential positive correla- Deep <10 NI Yes
tion between bleaching and disease Andes
because each site could have different Shallow <10 NI Yes
. iti ith diff t Intermediate 10-30 MI YBD Yes
spec.le.s.c.ompom ion w1. ifferen sgs- Deep 10-30 MI YBD Yes
ceptibilities to bleaching and/or dis- P .
anama
eases. STRI
Shallow <10 IN WPD, CCI, Multi No
Intermediate 10-30 MI WPD, CCI, Multi Yes
RESULTS Deep 30-60 NI No
Roldan
) o Shallow 10-30 MI WPD, CCI Yes
Spatial patterns of bleaching in 2005 Intermediate 10-30 NI No
and coral diseases in 2006 were signifi- Deep 10-30 NI No
cantly correlated (RELATE, Rho =0.58, Puerto Rico
p = 0.04) and a significant and positive Guanica
linear relationship between the percent Shallow 10-30 DE No
f bleach Isi 1di Intermediate 10-30 DE No
of bleached cora §1n 2005 and coral dis- Deep 10-30 NI No
ease prevalence in 2906 was also found Culebrita
(r=0.89, p=0.008, Fig. 3). Some of the Shallow 30-60 IN WPD Yes
most common species in the genera Intermediate 30-60 NI No
Montastraea, Diploria, Agaricia, Side- Deep 30-60 DE No
rastrea, Stephanocoenia, and Porites G;lenafla
_ amingo
’.chat.were severely affected by. bleach Shallow 30-60 NI No
ing in 2005 showed signs of disease in Intermediate 30-60 NI No
2006. The Montastraea species com- Deep 30-60 NI No
plex, Diploria spp., and Agaricia spp. Valleys
were mostly affected by yellow band Shallow 30-60 IN YBD Yes
: . . Intermediate 30-60 IN YBD Yes
YBD h 1
disease ( .), w 1te.p agufa dlse_ase Deep 30-60 IN YBD Yes
(WPD), Caribbean ciliate infections
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Fig. 3. Correlation between the mean percentage of bleached
corals in 2005 and the mean prevalence of yellow band dis-
ease (Montastraea spp.), white plague disease (Montastraea
spp., Diploria spp., Agaricia spp.), Caribbean ciliate infections
(Diploria spp.), and multiple diseases (Montastraea spp. and
Diploria spp.) in 2006. a: significant increase in disease preva-
lence, o: slight but not significant increase, o: no increase in
disease prevalence

(CCI), and multiple diseases (i.e. diseases such as WPD,
YBD, black band disease, and CCI occurring in the same
colony). Combined, these diseases were mostly respon-
sible for both expected and unexpected increases in dis-
ease prevalence in 2006 (Table 1). For instance, in the
shallow depth interval of Habitat (Curacao), significant
increases in the prevalence of WPD, CCI, and multiple
diseases were recorded despite the low bleaching inten-
sity at this site. In Valleys, where bleaching was intense,
prevalence of YBD also increased significantly
(Table 1).

Bleaching intensity varied significantly between
habitats at each reef site and across localities (Table 2).
Severe bleaching was recorded along the 3 depths in
Grenada (range: 45-60%), the intermediate habitats
in the 2 reef sites of Puerto Rico (40 + 1.7 % SE), and
deep habitats (>15 m) in reefs of Panamé (40 =

Table 2. Three-factorial multivariate permutational analysis

of variance based on Euclidean distance for the percent of

bleached corals (N = 144 belt transects). Factors: country (Co,

crossed and fixed), depth habitat (Ha, crossed and fixed),
reef site (Re, nested within country and random)

Source df SS MS Pseudo-F p
Co 5 28703.00 5740.70 4.34 0.062
Ha 2 1839.30 919.66 1.36 0.307
Re(Co) 6 7933.30 1322.20 5.23 0.001
Co x Ha 10 5944.50 594.45 0.88 0.59
Re(Co)xHa 12 8131.10 677.60 2.68 0.004
Residual 318 80396.00 252.82

3.2% SE). Bleaching was low in Curacao and Bermuda
and showed moderate levels at all the other reef sites
and depths (Fig. 4). In each country, coral genera
affected by bleaching also differed across depth inter-
vals (Table 3). The Montastraea species complex was
severely bleached at all depths surveyed in Grenada
(23.2- 51.8%) and Cayman Island (16-44 %). In the 2
reefs surveyed in Puerto Rico, most bleached corals
were in the genus Agaricia (46.7-59.6%, Table 3).
Other reefs in Puerto Rico, however, showed up to
90% of the Montastraea species complex completely
bleached (E. Weil & A. Créquer unpubl. data). In
Panamd, Stephanocoenia intersepta displayed severe
bleaching in deeper and intermediate habitats (77.4—
66.8 %), while in shallow habitats, Agaricia spp. and S.
intersepta were equally affected but at a low level of
severity (10%, Table 3). By 2006, the percent of
bleached corals had significantly decreased in all
countries (Table 4), with Curacao and Bermuda show-
ing no changes in bleaching prevalence between years
(Fig. 5A).

Disease prevalence also varied significantly between
depth intervals within reefs and among reef sites
(Table 5), with a 4-fold increase in the deep habitat of
Valleys (Grenada) and a 2-fold increase in the shallow
habitat of Culebrita (Puerto Rico) in 2006 (Fig. 5B).
Spatial patterns of bleaching in 2005 and disease in
2006 were linked as 60 % (22) of the 36 possible cases
(i.e. 6 countries x 2 sites x 3 depth habitats = 36) con-
firmed our predictions: (1) disease prevalence in corals
increased significantly in 4 of 10 reefs that experienced
intense bleaching, (2) a slight but not significant
increase in coral diseases was recorded in 5 of 10 site—
habitats where bleaching intensity was moderate,
and (3) no increase in disease prevalence was recorded
in 13 of 16 cases where bleaching was low (Fig. 5B,
Table 1).

DISCUSSION

This study shows that overall, disease prevalence in
2006 was significantly correlated with bleaching inten-
sity in 2005 at many reef sites. The bleaching event
affected a wide range of coral species, whereas dis-
eases only affected few species. Furthermore, not all
diseases increased in prevalence after the 2005
bleaching event; however, reef-building corals were
particularly susceptible to disease after bleaching
stress. Thus, even though bleaching and disease were
linked, other factors (not considered here) seem to
affect disease dynamics.

Caribbean YBD (affecting Montastraea faveolata),
WPD, and multiple diseases (affecting Montastraea,
Diploria, and Agaricia species complexes) were the
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Fig. 4. Mean + SE of bleached corals (%) for 6 Caribbean countries and 3 depth habitats during the summer of 2005

Table 3. Total percent of bleached corals in 2005 in 6 major reef building genera across countries and 3 depth habitats
(shallow: <4 m; intermediate: 5-12 m; deep >15 m)

Country Agaricia Diploria Montastraea Porites Siderastrea  Stephanocoenia
Habitat intersepta
Bermuda
Shallow
Intermediate 5
Deep
Puerto Rico
Shallow 59.6 9.3 214 17.7 10.6
Intermediate 54.8 15.3 39.7 24.2 13.9 22.2
Deep 46.7 34.6 32.3 15 27.2
Grand Cayman
Shallow 12.7 16
Intermediate 7 27.5
Deep 10.6 6 44 5.9
Panama
Shallow 10 10.7 10
Intermediate 16.3 14.7 8 66.8
Deep 34.9 16.8 77.4
Curacao
Shallow
Intermediate
Deep 30
Grenada
Shallow 89.7 38.9 56.7 23.2 36.1 20
Intermediate 89.6 36.2 82.3 34 47.1 28.3
Deep 58.4 22.9 62.8 51.8 57.7 45.9
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Table 4. Four-factorial multivariate permutational analysis of variance based on
Euclidean distance for the percent of bleached corals (N = 177 belt transects).
Factors as in Table 2, with the addition of year (Yr, crossed and fixed)

increases in disease prevalence. In the
deepest habitat of Culebrita, Puerto
Rico, disease prevalence significantly

decreased, probably due to the exten-
Source df SS MS Pseudo-F p sive coral mortality before the 2006
Co 5 35937.00 2047 50 571 0.039 surveys. In sha}llovxf and 1ntermed1aice
Ha 2 924.91 462.45 2.07 0.184 depths at Habitat in Cura(;ao and in
Ye 1 21351.00  21351.00 607.41 0.001 shallow habitats in Panama, a signifi-
Re(Co) 6 7403.20 1233.90 10.47 0.001 cant increase in the prevalence of
Cox Ha 10 6397.10 639.71 2.86 0.031 WPD, CCI, and multiple diseases was
Cox Yr 5 1404.80 117.07 0.99 0.454 ded. d ite the 1 bl hi
Ha x Yr 2 60.78 30.39 0.26 0.794 recorded, despite the low breaching
Re(Co) x Ha 12 2682.60 223.55 1.90 0.033 intensity in 2005. Therefore, bleaching
Re(Co) x Yr 6 209.95 34.99 0.30 0.934 might promote an increase in coral dis-
go éHa XHYI N 1(2) 2135228 18%23 . ég? gggf eases as shown in this and other stud-

e(Co) x Ha x Yr 7 . 5596. 59. . .

Residual 282 33223.00 117.81 ies (Muller et al. 2008, Brandt &

McManus 2009), but this might not be

Table 5. Four-factorial multivariate permutational analysis of variance based on
Euclidean distance for the prevalence of coral diseases at N = 77 belt transects.
Factors as in Table 2, with the addition of year (Yr, crossed and fixed)

always the case.

Other local environmental/biological
factors operating at smaller spatial
and/or different temporal scales could

also play an important role as drivers of
Source df SS MS Pseudo-F p coral disease. For instance, the history of
Ye 1 281.26 281.26 4.6494 0.072 hpst populatlons (Harvell 1990) at eaf:h
Co 5 1420.2 284.04 1.0558 0.408 site (i.e. whether and how often a partic-
Ha 2 74.77 37.385 0.72026 0.505 ular site had been affected by diseases or
Re(Co) 6 1614.6 269.11 11.7 0.001 bleaching), differences in susceptibility
Yr x Co 5 410.96 82.193 1.3574 0.359 s :
m h 1 1
Yr x Ha 2 39.793 19.896 0.43324 0.629 among ,a,nd within coral populations,
Co % Ha 10 779.98 77 998 1.5014 0.246 composition and structure of coral com-
Yr x Re(Co) 6 363.4 60.566 2.6332 0.015 munities, and environmental seasonality
Re(Co) x Ha 12 623.53 51.96 2.2591 0.011 of each site could determine alone and/or
YrxCo x Ha 10 374.7 37.47 0.81525 0.626 combined the levels of disease preva-
Re(Co) x Ha x Yr 12 551.63 45.969 1.9986 0.027 lence followina a bleaching event
Residual 282 6486.2 23.001 g g o
The level of exposure to parasites in

only conditions that increased in prevalence in 2006.
For instance, the prevalence of YBD increased from 5
to 20 % in deeper habitats where it was at low preva-
lence in 2005, and from 5 to 12 % at intermediate depth
habitats at Valleys reef in Grenada where M. franksi
and M. faveolata dominate reef communities. The high
levels of disease prevalence in Grenada in 2006 coin-
cided with reports of WPD and YBD epizootics follow-
ing bleaching events in other localities (Jones et al.
2004, Miller et al. 2006). In another study, Muller et al.
(2008) documented an increase of disease prevalence
in colonies of Acropora palmata monitored after the
2005 bleaching event in Hawksnest Bay, St. John, US
Virgin Islands (USVI). During the same period, recur-
rent epizootic events of WPD also reduced coral cover
by about 51% for the M. annularis species complex
and 78 to 85% for other important reef builders in St.
John and St. Croix, USVI (Miller et al. 2009).

Despite the positive and strong correlation between
bleaching intensity and coral disease prevalence, 5 of
the 10 sites where bleaching was intense did not show

wildlife populations is known to affect
host resistance (Ebert et al. 1998). It is expected that
host species exposed to a diverse array of parasites
should harbor a variety of resistant alleles or a reper-
toire of inducible defenses (Altizer et al. 2003). Con-
versely, parasites are more likely to colonize host pop-
ulations with only few genotypes (i.e. low genetic
diversity, Poulin et al. 2000). If this is the case, coral
disease prevalence might not increase after a bleach-
ing event on reef sites where coral populations are
more resistant (or genetically diverse) and/or with
corals having differential susceptibility. For example,
Dube et al. (2002) found evidence of directional selec-
tion for Gorgonia ventalina, with Aspergillus sidowii
being capable of eliminating susceptible individuals
from sites with high disease pressure. Vollmer & Kline
(2008) demonstrated the existence of genotypes of
Acropora cervicornis with different susceptibility to
white band disease. Colonies of G. ventalina exposed
to A. sidowil have various defense mechanisms to
infection (Harvell & Fenical 1989, Dube et al. 2002,
Ward et al. 2007, Mydlarz et al. 2008), and these
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mechanisms vary among populations and within indi-
viduals of the same species (Ward 2007). The level of
exposure to thermal stress also affects coral resistance
to bleaching. For instance, Thompson & van Woesik
(2009) found that corals frequently exposed to thermal
stress showed reduced bleaching during the 2005 and
2006 in sites severely affected by thermal stress in
1998.

Coral community composition is another factor that
could drive a positive correlation between bleaching
severity and increase of disease prevalence. While the
majority of Caribbean coral species are susceptible to
bleaching, fewer are affected by coral diseases. In this
study, only species susceptible to both bleaching and
the most virulent and common diseases were selected
to avoid masking the link between bleaching and dis-
ease prevalence. The inclusion of species highly sus-
ceptible to bleaching but seldom affected by diseases
would decrease the relationship between bleaching
intensity and disease prevalence. For instance, in sites
dominated by Porites spp., Madracis spp., and any
other species highly resistant to disease but suscepti-
ble to bleaching, no relationship between these vari-
ables will be noticed.

Coral cover and density are also important factors
explaining the link between bleaching and diseases.
In the Caribbean, several studies have reported
extensive epizootic events in oceanic islands where
coral cover is high (e.g. Créquer et al. 2005, Bruck-
ner & Bruckner 2006). Similar results have been
found in the Great Barrier Reef, where sites with
high coral cover and frequent thermal anomalies
experienced an increase in the prevalence of white
syndromes (Bruno et al. 2007). Thus, sites with high
coral cover and/or density of colonies (e.g. Valleys
and Sea Aquarium; E. Weil & A. Créquer unpubl.
data) could facilitate disease transmission (i.e. den-
sity-dependent rate of transmission) as happens for
many terrestrial diseases (Dobson & Hudson 1998). In
plant systems, species diversity has been shown to
affect disease transmission (i.e. disease-diversity
hypothesis, Mitchell et al. 2002). Low plant diversity
normally leads to higher abundance of dominant spe-
cies, which increases disease transmission rates
(Mitchell et al. 2002). Species diversity is also rele-
vant for disease dynamics depending on the nature
of the pathogen (e.g. host-specific or host-generalist).
For instance, Gilbert & Sousa (2002) found that host-
specialized pathogens dominate low-richness forests
where host density is relatively high for dominant
species, whereas high-richness forests favor host-
generalist pathogens. However, these predictions do
not necessarily apply to corals, as shown by the low
correlation between disease prevalence and diversity
found by Ward et al. (2006).

Seasonality of coral diseases should be considered as
a factor influencing the correlation between bleaching
and coral diseases. The epizootiology of several coral
diseases displayed a strong seasonal pattern with
peaks of prevalence during warmer months (e.g.
Bruckner & Bruckner 1997, Kuta & Richardson 2002,
Richardson & Kuta 2003, Rodriguez & Créquer 2008).
The effect of bleaching as a trigger for epizootics could
be enhanced if bleaching (or high water temperature)
events coincide with or anticipate seasons when dis-
ease prevalence naturally increases. Due to the large
geographical scope of this study, it was impossible to
repeat all the surveys during the same month; how-
ever, field campaigns were conducted during the
warmer months to increase as much as possible the
probability of sampling during the peaks of coral dis-
ease prevalence.

In conclusion, this study shows that coral bleaching
and disease prevalence are positively correlated.
Higher variability in the response of disease to bleach-
ing was recorded at small rather than large spatial
scales, i.e. depths within reef sites. Of the 8 diseases
recorded in our surveys, prevalence increased only for
YBD, WPD, CCI, and multiple diseases among Mon-
tastraea faveolata, M. franksi, Diploria labyrinthi-
formis, and D. strigosa. Results from this and other
studies suggest that if bleaching events continue to
increase in frequency and intensity, more epizootics of
highly virulent coral diseases such as WPD and YBD
could potentially occur in the near future. These dis-
eases produce high tissue/colony mortality and reduce
the reproductive output (fitness) of the major reef-
building species in the Caribbean (Bruckner & Bruck-
ner 2006, Miller et al. 2006, Weil et al. 2009), which
hamper potential recovery of local populations and
could have extensive negative consequences for the
future of Caribbean coral reefs.
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